Human epidermal growth factor receptor 2 (HER2) positivity in breast cancer is a prognostic factor regarding tumor aggressiveness and a predictive factor for response to trastuzumab (Herceptin s ). Early and accurate HER2 testing of all breast cancer patients at primary diagnosis is essential for optimal disease management. Routine HER2 tests, such as immunohistochemistry and fluorescence in situ hybridization (FISH), are subject to interlaboratory variation, and validation by laboratory proficiency testing is important to improve standardization. This study compared immunohistochemistry and FISH testing between five international pathology reference centers. Each center evaluated 20 immunohistochemistry and 20 FISH breast cancer specimens in five testing rounds. In each round, one center selected two sets of four different invasive tumor specimens (set A for immunohistochemistry and set B for FISH) and sent samples to the other four centers in a blinded manner, while retaining samples for its own evaluation. Results were analyzed by an independent coordinator. With immunohistochemistry, there were no differences between the five centers for any of the specimens at the level of diagnostic decision (positive or negative HER2 status). However, differences between laboratories were observed in immunohistochemistry scoring. Of the 20 specimens, four were scored as negative (0/1 þ ) and five as positive (3 þ ) in all centers; eight were negative or equivocal (2 þ ), and three positive or equivocal. After FISH retesting of nine of the 11 equivocal immunohistochemistry cases, consensus was achieved in 15 of 18 (83%) specimens. FISH analysis of set B specimens resulted in consensus between centers in 16 of 20 (80%) specimens (six negative and 10 positive). All four discordant FISH specimens were scored as having HER2:CEP17 ratios within the range 1.7-2.3 by at least one center. Equivocal immunohistochemistry and borderline FISH cases are difficult to interpret, even for highly experienced and validated laboratories, highlighting the need for quality-control procedures.
Recent estimates place the lifetime risk of developing breast cancer at 8 and 13% for women living in Europe 1 and the USA, respectively. 2 With approximately 370 000 new cases each year in Europe 1 and 210 000 in the USA, 3 breast cancer represents a major public health concern and a leading cause of death among women. Identification and measurement of molecular markers that are predictive of response to therapy enable more selective and effective utilization of treatments, and should lead to overall improvement in patient survival rates.
Approximately 15-25% of patients with breast cancer have tumors that overexpress human epidermal growth factor receptor 2 (HER2). 4, 5 HER2-positive breast cancer is associated with aggressive tumor growth and poor prognosis, especially in patients with node-positive disease. [6] [7] [8] [9] Evidence suggests that HER2 status may be a predictor of response to chemotherapy and hormonal therapy in breast cancer patients [10] [11] [12] and an essential predictor of response to the monoclonal anti-HER2 antibody trastuzumab (Herceptin s ). Significant clinical benefit with trastuzumab treatment has been demonstrated in HER2-positive metastatic breast cancer [13] [14] [15] [16] and, more recently, in patients with early breast cancer, where reductions in the risk of relapse of approximately 50% have been reported. [17] [18] [19] Consequently, practice guidelines now recommend that HER2 status should be evaluated in all primary breast cancer patients at diagnosis so that optimal patient management can be provided. 9, [20] [21] [22] Strict standardization of HER2 testing is necessary to achieve accurate HER2 status determination, identifying those who will gain the greatest benefit from trastuzumab and avoiding unnecessary treatment of patients who are unlikely to respond.
Current HER2-testing systems
Overexpression of HER2 is most commonly caused by amplification of the HER2 gene, 8, 23 which results in increased HER2 mRNA levels and concomitant overexpression of the HER2 receptor on the tumor cell surface. There is no 'gold standard' for HER2 testing, but immunohistochemistry and fluorescence in situ hybridization (FISH) are the most commonly used techniques. In addition, chromogenic in situ hybridization (CISH) has recently been validated as an alternative to FISH. 24, 25 Immunohistochemistry uses antibodies to detect expression of HER2 protein on the surface of tumor cells. The level of HER2 protein expression is assessed semi-quantitatively by the intensity and percentage of staining, and scored on a scale of 0-3 þ where scores of 0 and 1 þ are categorized as negative, 2 þ as equivocal, and 3 þ as positive.
FISH and CISH are based on the determination of HER2 gene copy number and use DNA probes. With FISH, fluorescently labeled probes for both HER2-specific DNA sequences and the centromere of chromosome 17 (CEP17) are frequently used. The HER2 fluorescent signal is usually expressed as a ratio relative to the signal for CEP17. CISH, although not used in this study, is an emerging alternative to FISH that uses a peroxidase-labeled probe with chromogenic detection, rather than fluorescent dye, to detect the HER2 gene. This has the advantage that staining remains stable for a longer period and can be quantified with a standard light microscope. CISH results are based only on HER2 gene copy number. Control for chromosome 17 copy number in borderline cases requires staining of another sequential slide.
As the results obtained with FISH and CISH are numeric, these tests are more objective and quantitative than immunohistochemistry. Nevertheless, high levels of concordance (90-100%) have been reported between FISH, CISH, and immunohistochemistry. [24] [25] [26] [27] [28] 
HER2-testing algorithm
Employing immunohistochemistry as the first-line testing method allows identification of HER2-positive patients (3 þ ) who may benefit from trastuzumab therapy, whereas HER2-negative patients (0/1 þ ) can be excluded. A proportion of specimens defined as equivocal by immunohistochemistry (2 þ ) must be retested by FISH or CISH to determine HER2 status. This procedure will ensure that all patients who may benefit from trastuzumab are identified (Figure 1 ). First-line testing can also be performed by FISH or CISH, as shown in Figure 1 . 25 As current HER2 tests are subject to both analytical and interobserver variation, validation by laboratory proficiency testing is important to improve standardization. Although some quality assessment initiatives already exist, for example, the United Kingdom National External Quality Assessment Service (UK NEQAS), there is a need for more programs to ensure a high standard of validation for HER2-testing methodology.
The objective of this study was to assess immunohistochemistry and FISH interlaboratory consensus between five highly experienced international pathology testing centers with a range of breast cancer specimens and to identify factors that may contribute to discordant results. The study also aimed to evaluate use of a slide-exchange program as a quality assessment instrument.
Materials and methods

Study Design
A slide-exchange program was used to compare immunohistochemistry and FISH testing results between five pathology reference centers in The Netherlands, Canada, France, Belgium, and Germany.
The study included five testing rounds at approximately 2-month intervals. In each round, immunohistochemistry and FISH testing were performed on separate sets of invasive breast cancer specimens. Thus, a total of 20 immunohistochemistry and 20 FISH breast cancer specimens were evaluated by each of the testing centers over the course of the study. The study was coordinated and the results analyzed by an independent coordinator (Professor Mitch Dowsett, UK), who had no relationship with, or role at, any of the reference centers.
Specimen Selection and Sending of Samples
Each of the five testing centers was designated in turn to select and dispatch the invasive breast cancer specimens to the other four centers. In each testing round, two specimen sets (A and B) of four different invasive breast tumors (ie a total of eight different specimens), which had been previously tested for HER2 status by immunohistochemistry and FISH, respectively, were selected by the sending center. Selected specimens were requested by the coordinator such that they would be representative of a range of HER2 immunohistochemistry expression or FISH amplification levels. The specimens were deliberately selected to include a relatively high proportion of equivocal cases.
All breast cancer specimens were from routine diagnostic practice and had been fixed with formalin (12-48 h) and embedded into paraffin blocks. Tissue sections (4-6 mm thick) were mounted onto silane-coated slides. Fifteen slides were prepared from each of the eight tumor specimens. Three slides from each specimen were sent to each of the other four testing centers in a blinded manner; the three remaining slides from each specimen were retained by the sending laboratory for its own evaluation ( Figure 2 ).
Specimen Analysis
Set A: analysis of immunohistochemistry concordance Each testing center, including the sending center, analyzed the HER2 status of set A specimens by immunohistochemistry using the HercepTestt test kit (DAKO, Glostrup, Denmark), according to the manufacturer's instructions and recommendations for scoring (in centers B, C, and D, the HercepTestt kit was not in routine use). Appropriate control specimens were also tested. Immunohistochemistry specimens were scored as 0 (negative), 1 þ (negative), 2 þ (equivocal), or 3 þ (positive) according to the HercepTestt kit instructions. Specimens scored as equivocal (2 þ ) by any center were subsequently retested by all centers using FISH.
Set B: analysis of FISH concordance FISH analysis of set B specimens was carried out by each testing center, including the sending center, using the PathVysiont kit (Vysis/Abbott, IL, USA), according to the manufacturer's instructions and recommendations for scoring. FISH scores were based on the ratio of HER2:CEP17 signals and were categorized as negative (ratio o2) or positive (ratio Z2.0).
Results from each testing round were sent to the independent coordinator. A final analysis of the results was conducted by the coordinator after completion of all five testing rounds. Consensus among the testing centers for each of the HER2-testing techniques was defined as the percentage of centers with the modal score for each immunohistochemistry or FISH specimen tested.
Results
Analysis of Immunohistochemistry Concordance
The results of the immunohistochemistry analysis of 20 invasive breast cancer specimens are presented in Table 1 . Complete consensus between the centers was achieved for nine of the 20 immunohistochemistry specimens. Differences between laboratories were observed with respect to equivocal results (2 þ ). For eight immunohistochemistry specimens, there was at least one center that reported negative HER2 status (0/1 þ ), while others reported equivocal HER2 status. For a further three specimens, at least one center reported positive status (3 þ ) while others reported equivocal status. There was no discordance between the five testing centers for any of the specimens at the level of diagnostic decision, that is, no specimen was categorized as positive at one or more centers but negative at other centers.
In line with recommendations in the HER2-testing algorithm, specimens scored as 2 þ using immunohistochemistry at any testing center were retested at all centers using FISH. Two of the 11 specimens (A1 Figure 2 Example of workflow in a testing round, where specimens were selected and sent by center A to centers B, C, D, and E.
HER2-testing ring study M Dowsett et al and A3) scored as 2 þ using immunohistochemistry were unavailable for retesting with FISH. Mean FISH HER2:CEP17 ratios for the nine retested specimens are shown in Table 2 . Of these specimens, five were categorized as negative by FISH in all centers (A6, A11, A12, A14, and A19) and one (A15) was categorized as positive in all centers. Samples A5 and A17 were scored as negative in four centers and positive in one center, while sample A8 was scored as positive in three centers and negative in two. Table 3 shows the final categorization for all 20 immunohistochemistry specimens after initial immunohistochemistry testing and FISH retesting. After FISH retesting, complete consensus between the five testing centers was achieved for 15 of 18 specimens (83%; two specimens were unavailable for retesting) ( Table 3) . FISH testing resulted in diagnostic discordance (ie positive vs negative categorization) between the participating centers for specimens A5, A8, and A17.
There were 32 results categorized as equivocal by immunohistochemistry, of which seven related to the two specimens not available for FISH retesting. Of the remaining 25 results categorized as equivocal by immunohistochemistry, 20 (80%) were categorized as negative on FISH retesting and four (16%) were categorized as positive (one specimen produced no signal). In three cases, FISH retesting of specimens that had previously been categorized by a center as positive or negative by immunohistochemistry produced conflicting diagnostic results: center D categorized specimen A5 as positive by immunohistochemistry (3 þ ) but negative with FISH (HER2: CEP17 ratio ¼ 1.7), while centers A and C categorized specimen A8 as negative by immunohistochemistry (0/1 þ ) but positive by FISH (HER2: CEP17 ratios ¼ 2.7 and 2.5, respectively).
Analysis of FISH Concordance
Complete concordance between all five testing centers was found for 16 of 20 specimens analyzed by FISH (80%; six negative, 10 positive) ( Table 4 ).
All four discordant FISH specimens were scored as having HER2:CEP17 ratios within the range 1.7-2.3 by at least one center. The four specimens for which the centers did not agree had mean (range) HER2:CEP17 ratios of 2.00 (0.92-2.70), 1.48 (1.10-2.00), 1.72 (1.00-2.92), and 1.82 (1.23-2.61).
Among the different testing centers, FISH HER2: CEP17 ratios were highest from center D for 10 of the 20 specimens; by contrast, centers B and C each reported the highest score for just one specimen. Mean ratios from across the five testing centers were calculable for 12 of the specimens. The mean differences for each center from the group mean were À0.07, À0.11, À0.14, 0.41, and À0.08 for centers A, B, C, D, and E, respectively. The corresponding median differences from the group mean were À0.02, À0.13, À0.13, 0.17, and À0.06, respectively.
Discussion
This slide-exchange ring study shows that under standardized conditions, there is a high level of consensus between pathology testing centers for HER2 testing by both immunohistochemistry and FISH. It also highlights that some discordance occurs, predominantly for borderline-positive samples, even between expert laboratories. It should be noted when considering the level of discordance reported in this study that specimens were preselected to contain a higher proportion of equivocal cases than would be expected in the general 29, 30 Under routine conditions with fewer equivocal cases, an even lower level of discordance than that reported in this analysis might be expected.
The results presented here illustrate the difficulty, even for experienced laboratories, in determining the HER2 status of equivocal cases. Although there were no cases where, by immunohistochemistry testing alone, the same immunohistochemistry specimen was categorized as positive by some laboratories and negative by others, in 450% of cases, specimens were categorized as equivocal (2 þ ) by one or more centers, while others gave a clear positive or negative categorization. Centers B and D categorized twice as many specimens as equivocal than center E.
The nature of this quality assessment study did not allow variability between the centers to be ascribed with certainty to differences in the product of the immunohistochemistry, as opposed to differences in the interpretation of the product. Interobserver variability is the most likely explanation for the differences observed. However, centers B and D did not routinely use the HercepTestt in their everyday practice, so it is possible that their use of it may have varied from the others in detail and contributed to their having the highest number of equivocal scores. It is possible that application of image analysis might have improved immunohistochemistry concordance between the centers. 31 On retesting of equivocal cases using FISH, the concordance rate increased to 15 of 18 specimens (83%). Of the 25 equivocal immunohistochemistry categorizations retested by FISH, 80% were recategorized as negative and 16% as positive, which is within the range reported when equivocal specimens are retested using FISH in routine practice. These data illustrate the importance of retesting equivocal specimens as specified by the HER2-testing algorithm, 32 since, based on the above results, one in six patients who could benefit from trastuzumab may have been excluded from therapy.
Considering the three immunohistochemistry specimens, where complete concordance between centers was not achieved even with FISH retesting, in one case (A8) two centers (centers B and D) reported HER2:CEP17 ratios of 1.73 and 1.8, while the others reported ratios of 42. In the two remaining cases (A5 and A17), one center reported FISH HER2:CEP17 ratios slightly 42 (A5 center C HER2:CEP17 ¼ 2.15; A17 center B HER2:CEP17 ¼ 2.1), while all other centers reported ratios of o2. Detailed retrospective assessment showed that A17 was a highly heterogeneous specimen, with small foci of 2 þ staining with immunohistochemistry (comprising o10% of the total cells). By focusing only on these areas, center B recorded a HER2: CEP17 ratio of 2.1. This was in contrast to the other four centers, in which both positive and negative cells were counted, resulting in HER2:CEP17 ratios of 1.09-1.7. Table 3 Analysis of immunohistochemistry specimens, including retesting of equivocal specimens by FISH: recategorization of specimens and consensus among testing centers
Increased to 100 A7 P P P P P 100
Increased to 100 A15 P (FISH P) P (FISH P) E (FISH P) P (FISH P) P (FISH P) Increased to 100
Remained at 80
P: positive (HER2:CEP17 ratio Z2); N: negative (HER2:CEP17 ratio o2). a A1 and A3 were unavailable for FISH retesting.
Bold type indicates samples with discardant results.
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These results highlight a difficulty in interpreting borderline FISH scores and in assessing cases with intratumoral heterogeneity. It has been suggested that such cases may comprise approximately 1% of all breast tumors. 33 Whether to assess the majority of cells in a specimen or to focus only on foci of positively stained cells remains a matter of debate and, until more treatment-response data are available, it is difficult to determine the clinical implications of trastuzumab treatment in these patients.
The analysis of FISH concordance between the testing laboratories revealed a concordance for 16 of the 20 specimens (80%). All four discordant FISH specimens were scored as having HER2:CEP17 ratios within the range 1.7-2.3 by at least one center. In one case (B16), the lack of concordance was due to one center (Center A) reporting a ratio of 2.0, which was classified as positive, whereas the other centers reported ratios of o2.0 (negative). None of these discordant specimens was retested. It is perhaps inevitable that some discordance will be encountered around borderline levels for positive or negative scores and in these cases it cannot be definitively stated which result is 'correct' and which is 'incorrect'. It has recently been suggested that borderline cases may even constitute a unique tumor type, with implications for treatment response. 34 Overall, the results of this study support the HER2-testing algorithm, which is adequate for the vast majority of specimens. However, for specimens that fail to be resolved by the first round of FISH analysis, it is recommended that FISH or CISH retesting should be considered. 25, 32 The discrepancies observed with the FISH analysis highlight that the exclusive use of FISH for HER2 testing could lead to misdiagnosis in some cases. It is important to note that by using both immunohistochemistry and FISH, as recommended in the HER2-testing algorithm, the chances of misdiagnosis are reduced.
The quantitative nature of FISH analysis makes interobserver variability much less of an issue than with immunohistochemistry. Nevertheless, one center consistently scored specimens higher or lower than other centers in many cases: 10 of 12 specimens from center D were higher than the overall group mean. Although immunohistochemistry and FISH were analyzed by all centers using standardized procedures, small variations in sample processing and the relative experience of laboratory personnel could potentially influence results obtained by different centers. The use of validated in-house immunohistochemistry protocols that differed slightly from the HercepTestt may also have contributed to the level of discordance.
A high standard of validation for any HER2-testing methodology is needed for optimal identification of patients likely to respond to trastuzumab therapy. 35 In this study, samples were preselected, testing reagents were prescribed, and experienced personnel performed the HER2 testing, yet there was still discordance. This highlights the inherent difficulties encountered during HER2 testing using immunohistochemistry and FISH, even for laboratories with extensive experience of these procedures. Consequently, it is expected that inexperienced laboratories will have greater problems interpreting HER2 status results. This study emphasizes the need for rigorous quality-control procedures for the preparation and analysis of specimens and the validation of results from less experienced laboratories by a centralized reference laboratory. Organizations such as UK NEQAS have a HER2-testing ring study M Dowsett et al role to play in ensuring a high standard of quality assessment; however, at present, UK NEQAS only assesses methodologies and not the interpretation of results. By adopting a slide-exchange program such as that used in the current ring study, even laboratories with considerable experience may identify not only technical issues but also discrepancies in the interpretation of HER2 testing, which may be remedied. In addition to national schemes, reference laboratories should consider taking a leading role in the initiation of such quality-control studies, as newly established laboratories are likely to benefit from their experience.
